MQ 2007, 'Feasibility of image registration and intensity-modulated radiotherapy planning with hyperpolarized helium-3 magnetic resonance imaging for non-small-cell lung cancerPurpose: To demonstrate the feasibility of registering hyperpolarized helium-3 magnetic resonance images ( 3 He-MRI) to X-ray computed tomography (CT) for functionally weighted intensity-modulated radiotherapy (IMRT) planning. Methods and Materials: Six patients with non-small-cell lung cancer underwent 3 He ventilation MRI, which was fused with radiotherapy planning CT using rigid registration. Registration accuracy was assessed using an overlap coefficient, calculated as the proportion of the segmented 3 He-MR volume (V MRI ) that intersects the segmented CT lung volume expressed as a percentage of V MRI . For each patient, an IMRT plan that minimized the volume of total lung receiving a dose >20 Gy (V 20 ) was compared with a plan that minimized the V 20 to well-ventilated lung defined by the registered 3 He-MRI. Results: The 3 He-MRI and CT were registered with sufficient accuracy to enable functionally guided IMRT planning (median overlap, 89%; range, 72-97%). In comparison with the total lung IMRT plans, IMRT constrained with 3 He-MRI reduced the V 20 not only for the well-ventilated lung (median reduction, 3.1%; range, 0.4 -5.1%; p ‫؍‬ 0.028) but also for the total lung volume (median reduction, 1.6%; range, 0.2-3.7%; p ‫؍‬ 0.028). Conclusions: Statistically significant improvements to IMRT plans are possible using functional information provided by 3 He-MRI that has been registered to radiotherapy planning CT. © 2007 Elsevier Inc.
INTRODUCTION
Hyperpolarized noble gas magnetic resonance imaging (MRI) is an emerging technique that enables novel quantitative analysis of pulmonary physiology (1, 2) . Although the density of gas introduced into the lungs is low, optical pumping techniques can be used before inhalation to produce extremely high nuclear spin polarization levels that provide a signal size sufficient for MRI. By applying this method with the inert, nonradioactive isotope helium-3 ( 3 He), MR images of in vivo lung ventilation and oxygen sensitivity can be obtained with unprecedented spatial and temporal resolution (3, 4) . The technique has shown great promise in diseases such as cystic fibrosis, asthma, and emphysema (1) .
As demonstrated with other functional imaging modalities, such as emission tomography, image registration of 3 He-MRI with anatomic 1 H-MRI and X-ray computed tomography (CT) could provide improved clinical interpretation of the functional data, owing to the superior anatomic localization provided by image fusion. In particular, the combination of 3 He-MRI and CT for the management of lung cancer patients has the potential to be a clinically important application of 3 He-MR image registration.
Radiation pneumonitis
For patients with non-small-cell lung cancer (NSCLC) who are suitable for radiotherapy treatment, functional pul-monary reserve may be severely reduced because radical radiotherapy will cause damage to noncancerous lung tissue in addition to the intended target volume. Consequently, radiation pneumonitis is the most common dose-limiting complication of radiotherapy (5) .
The key to lowering the risk of radiation pneumonitis may be to reduce the dose to healthy regions of lung while maintaining an adequate dose to the tumor. However, this approach requires the healthy (well-ventilated and perfused) lung to be identified. CT images used in conventional radiotherapy treatment planning cannot separate these functioning areas from those that have been previously damaged and contribute little to respiration. Supplementary images of lung ventilation and perfusion are, therefore, required if radiation fields are to be optimized to reduce the dose to healthy lung.
Treatment planning with SPECT
The potential value of incorporating functional information into lung cancer treatment planning has been investigated with single photon emission computed tomography (SPECT) (6 -9) . However, there are several practical limitations to the use of SPECT for treatment planning, primarily the additional radiation dose and often suboptimal image quality due to difficulties with attenuation correction and image reconstruction. Recently, hyperpolarized 3 He-MRI has emerged as an alternative lung ventilation imaging modality that eliminates the need for radioisotopes and has the potential to provide functional information superior to that from SPECT (10) .
Although hyperpolarized 3 He-MRI has been shown to detect radiation-induced lung injury in rats (11) , no previous work has investigated the potential role of in vivo 3 He-MRI for the assessment and treatment planning of lung cancer patients. For NSCLC patients who require radiotherapy, 3 He-MR images of ventilation and function could have a considerable impact on patient management.
Before treatment, many patients have regions of lung with poor ventilation or perfusion that contribute little to effective lung function. By identifying these regions and using the information when planning treatment, 3 He-MR images may enable radiation fields to be targeted to limit the dose to the healthy regions of lung, which could reduce the incidence of treatment complications.
In addition, the information provided by 3 He-MR functional images will make it possible to calculate dose-volume histograms that are weighted by functional information, which could be a valuable tool for treatment plan analysis (12) . 3 
He-MR image registration
For 3 He-MRI to be used in radiotherapy, the images must first be registered with the CT acquired for treatment planning. However, 3 He-MR image registration has yet to be widely investigated because the lungs represent a nonrigid system with high mobility and thus present a challenging system for image registration. Image registration of perfusion MRI and 3 He-MRI using controlled gas administration has been demonstrated in pigs (13, 14) , and a fiducial system for 3 He to 1 H-MRI registration has been described (15) , but in vivo studies involving the registration of 3 He-MRI to CT have not been previously reported. Therefore, the first objective of this study was to investigate the feasibility of in vivo 3 He-MR image acquisition and registration to X-ray CT for the management of patients with NSCLC.
IMRT planning
Radiotherapy treatment planning of lung cancer with supplementary functional images has been examined for more than a decade (16, 17) . Using conventional treatmentplanning techniques on 104 lung cancer patients, Munley et al. (18) found that 11% of plans were modified according to SPECT, whereas 48% of plans were considered "potentially modifiable" owing to the identification of lung regions with relatively low perfusion but unable to be utilized for treatment planning without improved planning tools. However, in recent years there have been significant improvements to treatment planning and delivery with the development of intensity-modulated radiotherapy (IMRT). From a study of 41 NSCLC patients, Murshed et al. (19) concluded that IMRT planning can significantly improve target coverage and reduce the volume of normal lung irradiated above low doses with a potential 10% reduction in the risk of radiation pneumonitis.
Planning with IMRT involves the specification of a number of constraints, some of which can conceivably be derived from functional information when available. For the case of 3 He-MRI, once the images have been registered to planning CT, the 3 He-MRI data can then be incorporated into the treatment-planning process. In related SPECT studies, the functional data are incorporated into inverse planning with the aim of reducing the dose to healthy regions of lung and improving the sparing of critical structures (6 -8, 16) . Therefore, the second objective of this study was to compare IMRT plans constructed with and without constraints derived from the 3 He-MRI data.
METHODS AND MATERIALS

NSCLC patients
Patients with NSCLC underwent hyperpolarized 3 He ventilation MRI in addition to conventional X-ray CT for radiotherapy treatment planning. All patients gave written informed consent to participate, and the study was approved by the local research ethics committee (NS02-11-1507).
Image acquisition
Hyperpolarized 3 He-MR ventilation imaging was performed on a 1.5-T whole body Eclipse system (Philips Medical Systems, Cleveland, OH), which was fitted with a second radiofrequency (RF) amplifier (2 kW; Analogic Corporation, Peabody, MA) and a transmit-receive circuit tuned to 48.5 MHz for 3 He (2). Imaging was performed with a flexible twin saddle quadrature transmitreceive RF coil (IGC Medical Advances, Milwaukee, WI). Three syringes that could be filled remotely with 3 He or water were placed on the chest to act as fiducial markers (15) . Images were acquired on a flat couch top similar to that used during the acquisition of radiotherapy planning CT. However, accurate reproduction of patient treatment position was not possible owing to the thoracic RF coil, which required the patients to be imaged supine with their arms down. The 3 He images were obtained with a low flip angle, gradient echo acquisition with 112 centric phase encoding views (2), flip angle ϭ 9°, 19 coronal slices, 13 mm slice thickness with no gap, field of view ϭ 43 cm, time to echo ϭ 3.4 ms, time to repetition ϭ 6.7 ms, 128 samples, and bandwidth ϭ 16 kHz. Each coronal image was 128 ϫ 128 pixels with 3.3 mm pixel size. The 3 He gas (Spectra Gases, Huntingdon, UK) was polarized on site to 30% by optical pumping with rubidium spin exchange apparatus (GE Healthcare, Princeton, NJ). In vivo imaging was then performed during a single 14 s breath-hold of a 300 mL 3 He/700 mL N 2 mixture inhaled from a Tedlar bag (Jensen Inert Products, Coral Springs, FL) from a starting point of functional residual capacity. No inhalation of room air was permitted. Blood oxygen saturation was monitored with an MRI-compatible pulse oximeter throughout the procedure. Patients were coached in the breathing maneuver and were allowed a trial breath hold with a dummy bag containing room air before imaging. Half-Fourier single shot fast spin echo 1 H-MR images were also acquired during the same imaging session with the patients in the same position as during the 3 He-MRI.
On the same day, treatment planning transaxial CT was acquired (512 ϫ 512 pixels with pixel size 0.9375 mm) with 5 mm slice thickness (Philips Medical Systems PQS CT). The patients were imaged in the conventional treatment position, which is supine with arms raised above the head while breathing freely.
Image registration
The 3 He-MR images were imported into Philips Medical Systems ACQSIM, which interpolated the 19 coronal 3 He-MR images to match the voxel size and orientation of the transaxial planning CT. ACQSIM's rigid registration tools were then used to register the 3 He-MRI to the planning CT. To assist the manual registration procedure, the fiducial 3 He markers were aligned with the external CT contour when possible. Verification of the image registration methodology was performed with a chest phantom that was scanned with the same 3 He-MRI and CT imaging protocols as the patients.
Using in-house custom Matlab software (MathWorks, Natick, MA), registration accuracy was assessed using an overlap coefficient (⍀), which is calculated as the proportion of the segmented 3 He-MR slice volume (V MRI ) that intersects the segmented CT lung slice volume (V CT ) expressed as a percentage of V MRI
where the higher the overlap value the better the registration. Segmentation was performed manually by an experienced lung radiotherapy consultant with a suitable windowing of the 3 He-MR images that varied from patient to patient because of differences in the signal-to-noise ratio. The 3 He-MR volume may be different than the CT-defined volume, owing to the possibility of ventilation defects detected in the functional images. This is to be expected because many of the patients have a history of heavy smoking and may have regional obstruction from chronic obstructive pulmonary disease evident in their 3 He-MRI (20) . Hence, the overlap coefficient is a more appropriate measure of 3 He-MR to CT registration accuracy than, for example, the intersection-union ratio, which may have been used if the two volumes were expected to be similar.
It is useful to analyze the registration accuracy across the entire lung volume and for individual slices that are the most important when planning treatment. Hence, for each patient, the overlap coefficient was first calculated for each image slice, and then the mean and standard deviation was determined for all slices containing (1) CT-defined lung, (2) the planning target volume (PTV), and (3) the gross tumor volume (GTV).
IMRT planning
The registered 3 He-MRI was segmented in ACQSIM and the contours exported as a DICOM structure set to the Eclipse planning system (Varian Medical Systems, Palo Alto, CA) for IMRT planning.
Functional lung tissue was defined as the intersection of the lung CT volume with well-ventilated lung segmented from the registered 3 He images ͑V MRI പV CT ͒. Total lung volume included the ipsilateral and contralateral lung but excluded the GTV, which was contoured by an experienced lung radiotherapy consultant. A 5-mm uniform margin was added to the GTV to produce the CTV. The CTV-to-PTV margin was 10 mm in the axial plane and 15 mm in the craniocaudal direction.
Inverse planning for IMRT was performed using the Dose-Volume-Optimizer module of the Eclipse planning system. Plans were produced using five or seven nonopposing, coplanar fields, with the beam angles manually optimized for each patient. The IMRT plans were not used for patient treatment.
For each patient, plans were produced using two distinct sets of dose-volume constraints. In the first set (Plan A), constraints were chosen with the aim of minimizing the volume of lung receiving a dose of Ն20 Gy (V 20 ). In the second set (Plan B), lung constraints were applied to minimize the V 20 of lung tissue identified on the 3 He-MRI as functional. Additional constraints were selected to produce continuous hyperfractionated accelerated radiotherapy (CHART) plans (21) that met the criteria shown in Table 1 . Tighter constraints were applied to the PTV to produce homogeneity in the PTV within the International Commission on Radiation Units and Measurements-recommended limits of 95% and 107% where possible.
A full three-dimensional forward dose calculation with inhomogeneity correction was performed for each plan, and dose-volume histograms were produced. For each plan, the following parameters were calculated: (1) FLV 20 (percentage of functional lung receiving Ն20 Gy), (2) TLV 20 (percentage of total lung receiving Ն20 Gy), and (3) MFLD (mean dose to functional lung).
A measure of the overall quality of the treatment plan, incorporating measures of both target dose and functional lung dose, was given by V PTV95 /FLV 20 , which is the ratio of the percentage volume of the PTV receiving at least 95% of the prescription dose (V PTV95 ) to the functional lung V 20 .
In addition, a conformity index (CI) was used that accounts for any normal tissue receiving at least 95% of the prescription dose (22) . The maximal value of the index is unity, when the 95% isodose conforms exactly to the PTV, whereas a value of 0 represents a geographical miss. The index is defined as the product of the fraction of PTV receiving at least 95% of the prescription dose and the ratio of the volume of PTV receiving at least 95% to the volume of tissue receiving at least 95% (the treated volume,
Statistical significance of differences between the dose parameters for Plan A and Plan B were calculated using the Wilcoxon signed ranks test.
RESULTS
NSCLC patients
Six male patients consented for the study ( Table 2 ). All patients had histologically proven inoperable NSCLC and had been selected for radical CHART (21) . None of the patients had been previously treated with radiotherapy of the thorax. Patients had WHO performance status of 0 -2 and forced expiratory volume in 1 s (FEV1) Ͼ1.5 L. During 3 He-MR imaging, no significant decrease in blood oxygen saturation was observed, and no ill effects were reported after inhalation of the 3 He/N 2 gas mixture.
Image registration
Lung phantom. For the chest phantom, regions of 3 He concentration were well registered to the CT "lung" regions (⍀ ϭ 100%), which demonstrated the validity of the image transfer procedure and the feasibility of 3 He-MRI and CT manual rigid registration. 3 He-MR and 1 H-MR. For in vivo data, Fig. 1a demonstrates the complementary information provided by MRI with hyperpolarized 3 He. A complete obstruction is evident in the 3 He-MR ventilation image from a patient with a tumor in the right upper lobe that is visible on the 1 H-MRI (Fig. 1b) . The 3 He images indicate that the tumor has caused a complete ventilation obstruction of the upper right lung. 3 He-MR and planning CT. The registered 3 He-MR image displayed with the external, lung, and GTV contours delineated from the planning CT is shown for 2 patients in Fig.  2 . In both cases, the ventilation MR images are well registered to the CT lung segments. For Patient 5, the image has been windowed to display 2 fiducials that lie on the external CT contour. Figure 3 displays the overlap coefficient (⍀) for each image slice, and Table 3 provides the mean and standard deviation of ⍀ for each patient. According to all the registered images containing CT-defined lung, for Patient 4 (⍀ ϭ 97.0 Ϯ 1.9) and Patient 5 (⍀ ϭ 96.7 Ϯ 2.2) the registration is highly accurate and has low variance. Patients 1, 2, and 6 show good accuracy (⍀ ϭ 85.5 Ϯ 15.1, ⍀ ϭ 89.6 Ϯ 5.8, Fiducial markers. The markers were not visible for the first 3 patients owing to poor signal-to-noise ratio at the fiducial position due to 3 He gas leakage from the syringe. This problem was rectified for the final 3 patients, which allowed the fiducial markers to be visualized on the 3 He-MR images (Fig. 2) . The markers assisted the manual alignment of the 3 He-MRI with the external CT contour, enabling the fusion of the ventilation MR within the CT lung segments.
IMRT planning
The total and functional lung volumes for the patients are shown in Table 2 along with the PTV. Dose-volume parameters achieved by the two sets of optimization constraints are shown in Table 4 .
In all patients, the incorporation of 3 He-MRI information in the inverse planning process produced improvements in the volume of lung irradiated. This was reflected in reductions not only in FLV 20 (median reduction, 3.1%; range, 0.4 -5.1%; p ϭ 0.028) but also in TLV 20 (median reduction, 1.6%; range, 0.2-3.7%; p ϭ 0.028). The MFLD was also reduced for each patient when the functional lung was used in the optimization. The lung dose was improved even in patients, such as Patient 5, in whom the optimization using the total lung produced low lung dose statistics.
The improvements in lung dose were sometimes at the cost of deterioration of other aspects of the dose distribu-tion. For example, reductions of more than 3.5% in both FLV 20 and TLV 20 and a reduced MFLD were seen in Patient 3, but the dose to normal tissue was increased when only functional lung was used in the optimization. This is reflected in the lower CI for this patient in Plan B. A lower CI was also seen for Patient 5, due predominantly to slightly reduced target coverage, although the PTV dose requirements were met by both plans. In all patients, the overall plan quality measure, V PTV95 /V 20 , was improved when the functional lung was used in the inverse planning process.
The location of the functional lung identified by the 3 He-MRI was an important factor in determining the impact of specifically including that tissue in the optimization. In Patient 2, relatively modest improvements were seen in Plan B (for example, a 0.6% reduction in FLV 20 and a small increase in CI). Although 56% of the patient's total lung volume was functional, the majority of that functional tissue lay inferior to the large PTV and so was not in the path of the coplanar beams. As a result, the scope for influencing the volume of functional lung receiving a given dose was limited. Patient 1 also had a large PTV, extending 13 cm craniocaudally, but in this instance the majority of the functional lung tissue was ipsilateral to and close to the PTV. The two sets of constraints produced plans of a generally similar quality; using the 3 He-MRI information in the optimization resulted in similar target coverage, small (Ͻ0.5%) reductions in FLV 20 and TLV 20 , and identical V PTV95 /V 20 . However, CI was lower when the functional lung information was used, reflecting an increased volume of normal tissue receiving at least 54 Gy. This may, in part, be due to the proximity of the functional lung to the PTV-optimizing such that the dose to the functional lung tissue close to the high-dose region is minimized provides a greater challenge for the inverse planning software. In this instance it seems to have been achieved only at the expense of an increased dose elsewhere.
The PTV of Patient 4 lay close to the spinal cord at some levels. Inverse planning to spare the entire lung consistently produced plans in which the spinal cord dose exceeded tolerance. To maintain an acceptable cord dose, the mean PTV dose was limited to 52.4 Gy, so just 80% of the PTV received at least 95% of the 54-Gy prescription dose. Using only the functional lung in the optimization produced lower spinal cord doses, enabling the desired prescription dose of 54 Gy to be achieved. This was not at the expense of the lung dose; the FLV 20 for Plan B was 3.6% lower than that from Plan A, and the MFLD was 1.0 Gy lower. If the mean PTV dose in Plan A was increased to 54 Gy such that the cord tolerance was exceeded, these improvements through the use of 3 He-MRI information increased to 4.5% and 1.5 Gy, respectively.
The IMRT plans demonstrated the general suitability of inverse planning in the production of clinically acceptable CHART treatment plans. In one instance (Patient 6), the conventional treatment plan produced at the time of the patient's treatment was limited by the proximity of the PTV to the spinal cord, necessitating a compromise in PTV coverage. Both IMRT plans produced met the PTV dose constraints while delivering spinal cord maximum doses well within tolerance (22 Gy and 32 Gy for Plans A and B, respectively).
In just one case (Patient 3), the IMRT plans were clinically unacceptable, because of large hot spots in normal tissue that were present irrespective of the beam arrangement. The delineation of an "avoidance" structure, to which low dose-volume constraints were applied, was of limited help in overcoming this problem. For this patient, whose large PTV extended 16.5 cm in the craniocaudal direction, inverse planning using the Dose-Volume-Optimizer may not be a suitable means of producing a treatment plan. However, the inclusion of noncoplanar beams may assist in reducing the high-dose regions and realizing the potential benefits of sparing the functional lung seen in Plan B.
DISCUSSION
This preliminary work demonstrates the feasibility of acquiring in vivo hyperpolarized 3 He-MRI suitable for image registration to CT for IMRT treatment planning.
Hyperpolarized helium-3 MRI
The development of MRI for detailed depiction of anatomy in the lungs has been slow when compared with other regions of the body. This is largely owing to the hostile physical environment of the lungs for MRI, namely the low Abbreviations: SD ϭ standard deviation; CT ϭ computed tomography; PTV ϭ planning target volume; GTV ϭ gross tumor volume.
Values are percentages. proton density and high magnetic field inhomogeneity. Thus, 1 H-MRI has provided some limited anatomic information on lung parenchyma at the field strengths that are used routinely (1.5 T). More widespread in clinical radiologic practice is the use of MRI in assessing pulmonary circulation through perfusion and angiography techniques (23) . In recent years, the emergence of hyperpolarized noble gas MRI has led to increased interest in the role of MRI for pulmonary assessment because hyperpolarized 3 He can provide novel functional information at high spatio-temporal resolution. Helium-3 imaging is safe, noninvasive, and reproducible and does not involve the use of ionizing radiation (1) . As an emerging technology, implementation of 3 He imaging can be expensive and is currently available at a small number of centers. However, the problems of cost and access may be addressed by the distribution of polarized gas from a central production facility to a large geographic region (24) and by the advent of new clinical whole body scanners capable of multinuclear imaging.
Image registration
Quantification of registration accuracy is a difficult problem. In this study, a measure of overlap is used to provide a measure of registration accuracy. With improved image quality it may become possible to also quantify the registration using anatomic landmarks. Across all 6 patients there was a variable pattern of registration accuracy measured by the overlap coefficient ( Fig. 3 ). However, 3 He-MRI and CT were registered with sufficient accuracy to enable functionally guided IMRT planning (median overlap, 89%; range, 72-97%). For Patients 1 and 3, registration accuracy decreased toward the apex of the lungs. For Patient 2, the accuracy dipped toward the middle of the lung. Similarly, a small decrease was observed for Patient 4, but otherwise accuracy was consistently high as was the case for Patient 5. For Patient 6, registration accuracy improved from lower to upper lung.
The example fused images in Fig. 2 were created using a rigid transformation, which is the most commonly used method of image registration. However, there are a number of potential limitations with this approach when applied to lung. First, the 3 He-MRI and CT images were acquired with different breathing schemes. Treatment at our institution is planned on CT acquired while the patient is breathing freely. However, 3 He-MRI necessitates the use of a breathhold, and this difference could lead to differences in lung morphology between the two sets of images. Furthermore, the coil used for 3 He-MRI precludes the simulation of treatment position while acquiring the ventilation images. Considering the potential problems in this initial study, the application of rigid registration of 3 He-MRI and CT was promising because it was possible to register the edges of ventilation images with reasonable accuracy as quantified by the overlap coefficient. Improvements to the methodology, such as the use of ventilation and perfusion 3 He-MRI (4), breath-hold CT, treatment position 1 H MRI, and nonrigid registration (25, 26) are being explored in a follow-up study that is currently underway.
Treatment planning
Image registration of the ventilation 3 He-MRI to CT enabled the functional lung to be taken into account when treatment planning with IMRT, and all plans satisfied the spinal cord dose constraint. When minimizing the dose to total lung (Plan A), V 20 (median, 25%; range, 12-31%) was comparable to other reported values, such as those reported by Murshed et al. (19) (median, 25%; range, 13-43%).
In all patients, optimizing with the aim of reducing V 20 for functional lung (Plan B) reduced V 20 not only for functional lung (median reduction, 3.1%; range, 0.4 -5.1%; Wilcoxon p ϭ 0.028) but also for total lung volume (median reduction, 1.6%; range, 0.2-3.7%; Wilcoxon p ϭ 0.028). Functional lung dose was also improved in all patients (median reduction, 0.9 Gy; range, 0.1-2.3 Gy; Wilcoxon p ϭ 0.028), and an improvement in plan quality index, V PTV95 /V 20 , was achieved across all 6 patients when optimizing to only functional lung (median increase, 0.45; range, 0 -6; Wilcoxon p ϭ 0.043). The differences in conformity index were less consistent: Patients 1, 3, and 5 showed an improved degree of dose conformity to the PTV, whereas the other 3 patients had a less well conformed high-dose region. In the patients for whom CI was better when the total lung was included in the optimization, the improved conformity was a result of a lower volume of normal tissue receiving 95% of the prescription dose.
CONCLUSIONS
This study has demonstrated that hyperpolarized 3 He-MRI can be registered to radiotherapy planning CT. Using the information provided by the registered 3 He images, statistically significant improvements to functionally guided IMRT plans were demonstrated for the V 20 for the total and functional lung, in addition to the mean lung dose to the functional lung.
